NF-kB is constitutively activated in many cancer types and is a potential key mediator of tumor-associated inflammation, tumor growth, and metastasis. We investigated the role of cancer cell NF-kB activity in T cell-mediated antitumor responses. In tumors rendered immunogenic by model antigen expression or following administration of antitumor vaccines, we found that high NF-kB activity leads to tumor rejection and/or growth suppression in mice. Using a global RNA expression microarray, we demonstrated that NFkB enhanced expression of several T cell chemokines, including Ccl2, and decreased CCL2 expression was associated with enhanced tumor growth in a mouse lung cancer model. To investigate NF-kB function in human lung tumors, we identified a gene expression signature in human lung adenocarcinoma cell lines that was associated with NF-kB activity level. In patient tumor samples, overall lung tumor NF-kB activity was strongly associated with T cell infiltration but not with cancer cell proliferation. These results therefore indicate that NF-kB activity mediates immune surveillance and promotes antitumor T cell responses in both murine and human lung cancer.
Introduction
Lung cancer is a leading cause of cancer-related deaths around the world, and its 5-year survival rate has remained essentially unchanged over many decades. While targeted therapies against driver oncoproteins such as EGFR and ALK have shown considerable promise, there are few therapeutic options against the vast majority of KRAS mutant tumors and tumors without known driver mutations (1) (2) (3) (4) . Thus, novel approaches and new targets are required for treating lung cancer. Among the new modalities being tested is immunotherapy, which has shown considerable promise in recent studies (5) (6) (7) (8) (9) (10) (11) (12) . T cell presence in tumors is typically associated with immune surveillance and improved patient survival (13) (14) (15) (16) (17) (18) (19) . Consequently, immunotherapy using blockade of negative regulators of T cell function is an especially attractive approach (5, 11) . Unlike genetic lesion-specific therapies, immunotherapy has potential for targeting tumors irrespective of driver oncogene mutation status.
Among the frequently activated pathways in cancer is the NF-κB transcription factor pathway (20) (21) (22) (23) . The NF-κB family plays a crucial role in regulating inflammatory and immune responses as well as in regulating cell proliferation and cell survival (24) (25) (26) (27) . NF-κB activation typically occurs by nuclear translocation following inducible phosphorylation of inhibitory IκB proteins by the IKKα/β/γ (IκB kinase) complex (24) (25) (26) (27) . In addition, the innate immunity-regulating IKK-like kinases IKKε (also known as IKBKE or IKKi) and TBK1 can also activate NF-κB (28) (29) (30) . Importantly, NF-κB is constitutively activated in many cancers and known to directly promote tumor growth (20) (21) (22) (23) . Interestingly, a recent study of 26 different tumor types showed that genes in the NF-κB pathway are frequently impacted by copy number alterations (31) . In particular, regions encoding IKKβ and IKKγ undergo frequent amplification (31) . NF-κB also enhances tumor-associated inflammation, leading to increased angiogenesis and metastasis (32) (33) (34) (35) . An additional key role of the IKKβ/NF-κB pathway in inflammation-promoting myeloid cell types has also been shown to be critical in solid malignancies (36) (37) (38) (39) . Importantly, recent studies in mice have defined a key role for NF-κB in KRAS-induced lung cancer (22, 23, 40) . NF-κB activation by oncogenic KRAS can be mediated by IKKβ and/or TBK1 kinase (22, 23, 40, 41) . Together, these studies indicate that NF-κB promotes tumor growth and progression through diverse mechanisms.
As mentioned above, T cell presence in tumors can be associated with immune surveillance and improved patient survival (13) (14) (15) (16) (17) (18) (19) . The demonstrated role of cancer "immunoediting" in selecting tumor cells best suited to escape immune attack provides additional evidence of a key function of the immune system in controlling cancer (18, 19) . While recent immunotherapy strategies to boost T cell-induced responses against solid tumors have shown considerable promise (5-10), tolerance-inducing mechanisms and presence of suppressive cell types, such as Tregs and myeloid-derived suppressor cells, in the tumor microenvironment can dampen the response to immunotherapy (34, 42) . It is not known whether tumor NF-κB regulates T cell-mediated antitumor responses and immune surveillance. Nonetheless, consistent with known protumor functions, it is possible that NF-κB also impairs antitumor T cell responses through cancer cell-intrinsic and/or microenvironment effects. However, we show here that in immunogenic tumors in mice NF-κB induces T cell-mediated tumor rejection. Enhanced T cell recruitment was found to be a key NF-κB-dependent mechanism for tumor rejection. Little is known about NF-κB function in human cancer. To investigate potential protumor and antitumor NF-κB functions, we developed a novel human lung cancer NF-κB gene expression signature. While we found evidence of both inflammatory and immune response functions, overall NF-κB activity was strongly associated with T cell presence in human lung cancer. These findings in both murine and human lung cancer indicate that a crucial and previously unappreciated function of tumor NF-κB is to promote T cell-mediated immune surveillance responses.
Results

Critical role of NF-κB in immunogenic tumor rejection in mice.
The presence of tumor-infiltrating T cells, which likely recognize tumorexpressed antigens, is associated with improved patient survival (13) (14) (15) . To induce de novo antitumor T cell responses in mice, we expressed Kb-OVA (a single polypeptide encoding H-2K b , β 2 -M, and the OVA SIINFEKL peptide recognized by CD8 T cells) (43) in poorly immunogenic Lewis lung carcinoma (LLC) to generate LLC-OVA. s.c. inoculation with LLC-OVA was sufficient to induce an OVA-specific CD8 T cell response (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/ JCI67250DS1). We next determined how tumor NF-κB activity impacts antitumor CD8 T cell responses. To selectively activate NF-κB in tumor cells, we used tumor cell-specific expression of constitutively activated-IKKβ (CA-IKKβ). IKKβ mediates NF-κB activation in response to multiple stimuli and pathways, including those activated by oncogenes such as KRAS (40) . Furthermore, IKKβ is potentially amplified in human cancer (31) . CA-IKKβ expression in LLC (LLC-IKK) led to increased NF-κB, but not AP-1, nuclear translocation compared with that in control MSCV-IRES-GFP-transduced (MiG-transduced) LLC (Supplemental Figure  2) . Similarly, CA-IKKβ expression in LLC-OVA (LLC-OVA-IKK) enhanced nuclear NF-κB, comprising primarily RELA/p65-containing complexes (see below), and target gene Cxcl1 (also known as Kc) expression ( Figure 1, A and B) . However, both were induced substantially less compared with that after TNF-α treatment (Figure 1, A and B) . Therefore, CA-IKKβ induces modest activation of NF-κB relative to TNF-α.
Compared with control LLC-MiG, LLC-IKK had no significant effect on s.c. growth of nonimmunogenic LLC in syngeneic C57BL/6 mice ( Figure 1C ). Interestingly, LLC-OVA-IKK tumors grew initially but were rejected subsequently while LLC-OVAMiG tumors grew unrestrained ( Figure 1D ). Importantly, a similar number of activated OVA-specific CD8 T cells was detected in peripheral blood of LLC-OVA-MiG and LLC-OVA-IKK mice (Figure 1E) , suggesting that reduced growth of LLC-OVA-IKK tumors was not due to enhanced T cell priming. Combined results from 3 experiments indicated that once tumors were perceptible (day 4), 10 out of 11 LLC-OVA-MiG mice showed 2-fold or greater tumor growth, while only 3 out of 11 LLC-OVA-IKK mice showed similar growth ( Figure 1F) . The difference in the number of tumors that showed growth in the 2 groups was significant (P = 0.008, Fisher's exact test). Analysis of LLC-OVA-IKK tumors undergoing rejection showed the presence of numerous lymphocytic infiltrates, which were substantially less plentiful in LLC-OVA-MiG tumors (Supplemental Figure 3) . In addition, extensive fibrosis was evident in LLC-OVA-IKK tumors, likely resulting from tumor cell loss (Supplemental Figure 3) . Importantly, LLC-OVA-IKK tumors grew robustly in lymphocyte-deficient recombination activating gene 2 (Rag2 -/-) mice ( Figure 1G ), demonstrating a role for lymphocytes in rejection of LLC-OVA-IKK tumors. To extend these studies to a different lung tumor model, we used KRAS mutant LKR-13 cells (44) . As in LLC, CA-IKKβ expression in LKR-13 cells also resulted in NF-κB activation (Supplemental Figure 4) . Importantly, while LKR-OVA-MiG tumors showed robust growth, LKR-OVA-IKK tumor growth was drastically reduced ( Figure 1H ). These results therefore indicate that NF-κB activation induces rejection and/or growth suppression of immunogenic lung tumors in mice.
We then determined the effect of NF-κB activation in vaccine-induced responses against the breast carcinoma TUBO line, which expresses HER2/NEU (45) . Notably, HER2/NEU amplification is also frequent in human lung cancer (46) . TUBO-MiG-and TUBO-IKK-injected mice were randomly split into control (no vaccine) and TriVax (47, 48) vaccine groups, which were immunized using a synthetic peptide from HER2/NEU (49) . The TriVax-induced HER2-specific T cell increase in peripheral blood was similar in the 2 groups (Supplemental Figure 5) . Tumor growth in vaccinated TUBO-MiG and TUBO-IKK mice was then determined relative to their unvaccinated counterparts. While vaccination reduced growth of both TUBO-MiG and TUBO-IKK tumors, the reduction was significantly more pronounced in TUBO-IKK tumors (P = 0.025) ( Figure 1I ). We conclude that NF-κB activation restrains tumor growth in de novo and vaccine-induced T cell models.
We next used a metastatic model in which i.v. injected LLC forms tumor foci in lungs, the natural environment of LLC. Importantly, large tumor foci were evident in LLC-OVA-MiGinjected mice but not in LLC-OVA-IKK-injected mice ( Figure  2A ). However, both nonimmunogenic LLC-MiG and LLC-IKK mice showed multiple large foci (Figure 2A NF-κB-induced T cell chemokine expression is crucial for tumor rejection. We next investigated possible mechanisms involved in rejection of LLC-OVA-IKK tumors. Rejection was not likely mediated by increased numbers of OVA-specific CD8 T cells ( Figure 1E ). In addition, LLC-OVA-IKK cells were not superior stimulators of CD8 T cell IFN-γ expression ( Figure 3A) . Importantly, while LLC-OVA-MiG tumors had a small number of infiltrating CD8 T cells, LLC-OVA-IKK tumors showed greatly increased CD8 T cell presence ( Figure 3B ). These results suggest that NF-κB-regulated expression of T cell chemokines may be responsible for increased T cell recruitment. To identify T cell chemokines involved, global RNA expression studies using microarray analysis were performed on LLC-OVA-MiG and LLC-OVA-IKK cells. We used a 2-fold cutoff to identify genes upregulated or downregulated by IKKβ in 2 independent experiments (Supplemental Table 1 ). In total, 88 genes were upregulated and 83 genes were downregulated in both experiments (Supplemental Table 1 ). These included multiple chemokines involved in both T cell and neutrophil chemotaxis ( Figure 3C and Supplemental Figure 6 ). Among T cell chemokines identified, CCL2, CCL5, and CXCL10 are known to mediate activated T cell chemotaxis (50) . RT-PCR confirmed upregulation of Ccl2 and Ccl5 in LLC-OVA-IKK cells ( Figure 3D ). Similarly, Ccl2 and Ccl5 expression was also substantially enhanced in LKR-OVA-IKK cells (data not shown).
We next determined cytoplasmic and nuclear levels of NF-κB subunits in LLC-OVA-MiG and LLC-OVA-IKK cells (Supplemental Figure 7 ). Nuclear levels of RELA and RELB, but not cREL, p50, or p52, were increased in LLC-OVA-IKK cells compared with those in LLC-OVA-MiG cells (Supplemental Figure 7 , A-C). Interestingly, increased cytoplasmic levels of p52 precursor NFKB2/p100 (Supplemental Figure 7C) and RELB (Supplemental Figure 7B ) in LLC-OVA-IKK cells are consistent with their positive regulation by canonical NF-κB pathway activation (51) . However, lack of increase in p52 cytoplasmic or nuclear levels suggests that IKKβ does not lead to increased processing of NFKB2/p100 (Supplemental Figure  7C) . Furthermore, these results also suggest that increased nuclear RELB likely results from increased expression rather than increased formation of p52/RELB complexes from NFKB2/p100 processing. Importantly, enhanced phosphorylation of RELA at S536, a site known to be important for transcriptional activation (52) , was also detected in LLC-OVA-IKK cells (Supplemental Figure 7A ). In contrast, no increase in phospho-ERK was seen in LLC-OVA-IKK cells (Supplemental Figure 7D ). The role of the 2 subunits (RELA and RELB), showing increased nuclear translocation in LLC-OVA-IKK cells, was also determined following shRNA-mediated knockdown. These studies showed that RELA plays a more critical role than RELB in expression of T cell chemokines in LLC-OVA-IKK cells (Supplemental Figure 8) . Thus, increased RELA nuclear translocation and phosphorylation likely play a crucial role in T cell chemokine expression in LLC-OVA-IKK cells.
Ccl2 in particular exhibited a dramatically higher microarray probe set signal compared with that of T cell chemokines Ccl5 and Cxcl10 ( Figure 3C ), suggesting it may dominate T cell recruitment responses by LLC-OVA-IKK. In addition, CCL2 protein expression was greatly increased in LLC-OVA-IKK cells compared with that in LLC-OVA-MiG cells (Supplemental Figure 9 ). Previous studies have indicated an important role for CCL2 in breast cancer metastasis through monocyte recruitment (53) but also in T cell recruitment (54) . Given high expression and potentially diverse functions, we determined whether CCL2 was specifically required for rejection of LLC-OVA-IKK tumors by knockdown of CCL2 expression (Supplemental Figure 10A ). Ccl2 shRNA did not impact LLC-OVA-IKK growth in vitro or OVA-specific T cell expansion in vivo (Supplemental Figure 10B ). However, while control LLC-OVA-IKK tumors were readily rejected, expression of Ccl2 shRNA resulted in robust tumor growth ( Figure 3E and Supplemental Figure 10C ). These results therefore suggest that Ccl2 is a potentially crucial immune surveillance-regulating NF-κB target gene that is required for LLC-OVA-IKK rejection.
Generation of a gene expression signature to predict NF-κB activity in human lung cancer. Intrigued by the above findings in mice, we determined whether NF-κB activity is also associated with T cell presence in human lung cancer. To determine NF-κB activity, we reasoned that an NF-κB-driven gene expression signature will provide a superior indication of activity than the activation state of individual subunits or NF-κB pathway kinases. Furthermore, previous studies have shown the predictive potential of gene expression signatures in determining pathway activation state (55, 56) . To our knowledge, no such gene expression signature to predict NF-κB activity in human lung cancer exists. We used 5 human lung adenocarcinoma cell lines (A549, H23, H358, PC9, and HCC827) to generate such a signature. In each cell line, we identified genes that were impacted by NF-κB inhibition (using retrovirus-expressed "superrepressor" of NF-κB [IκBαSR]) (57) and/or NF-κB activation (using CA-IKKβ described above) (58) . As shown in Figure 4A , IκBαSR reduced and CA-IKKβ increased NF-κB heterodimer nuclear activity compared with that in control MiG retrovirus-infected cells. Although NF-κB is widely considered to be a tumor growth-promoting transcription factor, we found surprisingly little effect on survival or proliferation of these 5 lung cancer cell lines following NF-κB inhibition by IκBαSR expression.
RNA isolated from these 5 cell lines was used to perform gene expression studies using Affymetrix U133 Plus 2.0 microarrays. Initially, all probe sets impacted 1.4-fold or more by IκBα or IKKβ relative to the control vector were identified in each cell line. This low stringency cutoff was used to accommodate a second selection criteria. Next, the 5 cell line signatures were used to identify probe sets similarly regulated by IκBα and IKKβ (with IκBα and IKKβ causing opposite effects on gene expression) in the different cell lines in ≥60% of the experimental conditions (i.e., coregulation score of ≥0.6). A total of 240 probe sets were identified using this approach (Supplemental Table 2 ). The rationale for this was that the identification of genes similarly regulated by NF-κB in multiple cell lines will not only eliminate false positives but also generate a signature that is broadly applicable. As examples, 2 probe sets for the wellknown NF-κB target gene BIRC3 (also known as CIAP2) (59, 60) had coregulation scores of 1.0 and 0.8, and both probe sets of another known NF-κB target gene TNFAIP3 (also known as A20) (61) had coregulation scores of 1.0. In addition, IκBα increased expression of certain genes, while IKKβ repressed their expression; these likely represent genes negatively impacted by NF-κB activity. In the 240 probe sets (Supplemental Table 2 ), approximately 200 individual genes were present that were either upregulated or downregulated by NF-κB. A substantial number of NF-κB signature genes regulate immune cell chemotaxis (including T cell chemokines CCL2 and CCL5), inflammation, and immune regulation (Table 1) .
Using publically available microarray data from 126 human lung cancer cell lines (Supplemental Methods), we next identified cell lines with high or low NF-κB signature activity. NF-κB signature scores were determined by building a classifier, as previously described (62) , that allowed determination of relative signature activity in the different cell lines (Supplemental Methods and Supplemental Table 3 ). Based on this analysis, we selected ( Figure 4B ) 4 cell lines with high NF-κB signature (H226, H157, H1299, and H650) and 4 cell lines with low NF-κB signature (H322, H1395, H522, and H1437), which were used for additional studies. These non-small-cell lung cancer cell lines include adenocarcinoma (H650, H322, H1395, H522, and H1437), squamous (H226 and H157), and large cell (H1299) cell lines. When expression of individual genes was determined, the highest expression was invariably noted in one or more of the NF-κB high cell lines, but with substantial variation among these cell lines (Supplemental Figure 11 ). These results indicate, as expected, that overall signature activity will likely be a more reliable indicator of NF-κB activity than expression of individual genes.
Genes present in the NF-κB signature may also be regulated by non-NF-κB pathways. Thus, while H226, H157, H1299, and H650 cell lines have high expression of NF-κB signature genes, it is unclear whether this is indeed due to NF-κB activity. To determine NF-κB involvement, we transduced H226, H157, and H1299 cells with MiG and IκBαSR retroviruses (H650 cells showed little or no retrovirus infection). Importantly, expression of both genes was markedly reduced by IκBαSR expression ( Figure 4C ). In addition, expression of genes relevant to this study (i.e., T cell and neutrophil chemokines) were similarly reduced by IκBαSR expression ( Figure 4D and data not shown). These results therefore indicate that high expression of NF-κB signature genes in these cell lines is dependent on NF-κB activity. We next determined the association between the NF-κB signature and NF-κB DNA binding activity. Importantly, EMSA showed that the 4 lines with high NF-κB signature indeed had high NF-κB site binding activity ( Figure 4E) . However, the low NF-κB signature H322 cell line also showed high NF-κB activity ( Figure 4E ). Therefore, NF-κB DNA binding activity alone does not provide an unambiguous indication of NF-κB transcriptional activity. To seek a better understanding of NF-κB function in human lung cancer, we next used the signature for studies in human lung adenocarcinoma. Specifically, we determined correlation between NF-κB-regulated chemokine gene expression and T cell presence as well as the association of these genes with patient survival.
Association of T cell chemokines, but not neutrophil chemokines, with presence of T cells in human lung cancer.
We first determined the association of different chemokines present in the NF-κB signature with T cell presence. For these studies, we used the Consortium for the Molecular Classification of Lung Adenocarcinoma (CMCLA) survival prediction study (62) . CMCLA is the largest and most comprehensive study in which microarray-based gene expression data from tumors were used to predict survival of 442 patients with early-stage lung adenocarcinoma (62) . Tumor samples used were from 4 different institutions, including the Moffitt Cancer Center (62) . Specifically, we determined whether neutrophils (CXCL1-CXCL3 and IL8) and T cell chemokines (CCL2, CCL5, and CXCL10) were differentially associated with T cell presence (although CXCL10 did not achieve the criteria for inclusion in the NF-κB signature, we included it in this analysis because it was identified as a target gene in LLC and in some human cell lines). To detect T cells, we used T cell receptor α (TRAC) and T cell receptor β chain (TRBC1) gene expression as a marker for T cell presence. As expected, TRAC expression was highly correlated with TRBC1 expression ( Figure 5A ). Importantly, we found that expression of CCL2, CCL5, and CXCL10, but not neutrophil chemokine expression (CXCL1-CXCL3 and IL8), was positively correlated with these T cell markers ( Figure 5A ). These results therefore indicate a functional link between T cell chemokine expression and T cell presence in tumors. Interestingly, expression of neutrophil chemokine genes was highly correlated (Figure 5A ), suggesting that NF-κB-regulated inflammatory and immune response functions predominate in different tumors. To help understand how genes associated with different NF-κB functions may be differentially regulated, we next determined their association with key NF-κB activators.
LTβ expression is differentially associated with T cell chemokines in human lung cancer. Multiple NF-κB-activating cytokines may be present in the lung tumor microenvironment (33) . To identify cytokines potentially involved in differential expression of T cell and neutrophil chemokines, we tested association with expression of TNF-α, IL-1α, IL-1β, LTα (also known as TNF-β), and LTβ. These cytokines not only induce NF-κB activation but can also be transcriptionally regulated by NF-κB. However, only LTβ was identified as an NF-κB target gene in lung cancer cells (Table  1) , and, interestingly, only LTβ showed a greater correlation with expression of T cell chemokines compared with that of neutrophil chemokines ( Figure 5B and Supplemental Figure 12 ). LTβ receptor (LTβR) engagement by heterodimers of LTα and LTβ (LTα1/ β2) activates NF-κB RELA and RELB, typically in association with p52 (63) (64) (65) (66) . Mirroring correlation in tumors, soluble LTα1/β2 induced expression of T cell chemokines but not neutrophil chemokines in human lung cancer cells ( Figure 5C ). In contrast, TNF-α strongly induced both neutrophil and T cell chemokines ( Figure 5D ). These results suggest that differential expression of NF-κB-regulated T cell chemokines, compared with that of neutrophil chemokines, in human lung cancer could be achieved through agents that selectively induce these different chemokine subsets, such as the LTβR ligand.
NF-κB signature genes are associated with distinct overall survival of patients with lung cancer. The above results indicate that NF-κB-regulated inflammatory and immune response genes are differentially expressed in lung cancer. We next determined whether expression of these genes was also associated with distinct overall survival (OS) of patients. Using the CMCLA data set, we determined 5-year OS of patients exhibiting high versus low expression of these genes using a median cutoff. A striking effect on survival was seen for NF-κB target genes involved in neutrophil chemotaxis and inflammation (IL8, CXCL1, CXCL3, and IL6), all of which were associated with significantly poor OS ( Figure 6 ). Poor survival in human cancer is associated with increased metastasis. Although direct clinical evidence is lacking, both IL-8 and CXCL1 have been linked to increased metastasis through effects on infiltrating myeloid cells in preclinical studies (67, 68) , suggesting association with poor survival can be through increased metastatic dissemination. On the other hand, high expression of a subset of genes involved in T cell chemotaxis and T cell responses, including CCL2, LTB, ICAM1, and CD83, was associated with significantly improved OS ( Figure  7, A-D) . These results suggest that, in addition to promoting T cell chemotaxis, NF-κB-regulated expression of multiple key genes may promote T cell responses against tumors. LTβ association with CD47  CFB  IL6ST  HLA-C  ITGA2  C3  IL8  ICAM1  ITGA5  IRAK2  TNFRSF9  ITGAM  IRF1  LTB  ITGAV  CXCL1  CCL2  LAMC2  CXCL2  CCL5  CLDN1  CXCL3  TAP1  PLAUR  TAP2  CCL20  TAPBP  TLR2  CD83  TRAF1  IL23A  TRAF3  PSMB8  IFIH1 PSMB9 PSME2 IL32
The category distinctions are not absolute since many genes are involved in multiple listed or other functions. The "Inflammation" category refers to genes involved in inflammation and innate immunity. The "Adaptive" category refers to genes involved in the adaptive immune response. The "Adhesion" category refers to genes involved in cell-cell or substrate interactions. The "Complement" category includes genes involved in the complement pathway.
improved OS was especially pronounced, perhaps because LTβ can enhance expression of multiple genes involved in T cell responses. Importantly, high expression of T cell receptor α and T cell receptor β chain genes was also associated with significantly improved OS in patients with lung cancer ( Figure 7E ). Therefore, while both T cell presence and expression of NF-κB signature genes associated with T cell responses are associated with improved OS, the high expression of inflammatory genes is associated with poor OS. Hence, distinct functions of NF-κB in human lung cancer are associated with potentially different survival outcomes.
NF-κB activity in human lung cancer is strongly associated with T cell presence.
The above findings indicate differential expression of distinct NF-κB target genes in tumors. By allowing investigation of combined expression of signature genes, principal component analysis (PCA) can simplify evaluation of pathway-dependent gene expression activity and has been widely used to derive and validate gene signatures in various cancer studies (69) (70) (71) . Of the 240 NF-κB signature probe sets present in Affymetrix U133 Plus 2.0 microarrays, 159 were present (Supplemental Table 4 ) in the CMCLA data set that used Affymetrix 133A (62) . We first identified GBP1, PSMB9, IRF1, TAP1, TNFAIP3, CCL5, PSMB8, IL32, SH2B3, and NFKBIE as NF-κB signature-driver genes (i.e., the top 10 genes with the highest PCA weight). The first principal component (PC1) is associated with the largest variance of the data (e.g., variance of NF-κB signature activity in the CMCLA data set), followed by each succeeding PC. Using association with expression of driver genes, we found that PC1 but not PC2 is associated with NF-κB activity (Supplemental Figures 13 and 14) . Using the NF-κB signature PC1, we next determined whether NF-κB activity was associated with T cell presence. For these studies, we used the PC1 of T cell receptor α and β chain gene expression (Supplemental Figure 15) . Importantly, a strong association was seen between NF-κB activity and T cell presence (r = 0.68) ( Figure 8A ). Therefore, while NF-κB target genes are associated with different functions in tumors, the overall NF-κB activity, as determined by PCA, is strongly associated with T cell presence.
In addition to inflammation, NF-κB also exerts protumor effects through cancer cell-intrinsic regulation of cell survival and proliferation (22, 23, (36) (37) (38) (39) (40) . In previous studies, we described a breast and non-small-cell lung cancer malignancy-risk (MR) signature that is rich in proliferation and cell cycle genes (69) (70) (71) . Using the MR signature PC1, we next determined whether NF-κB activity was also associated with cancer cell proliferation. However, little correlation between the NF-κB and MR signatures was noticed (r = 0.21) ( Figure 8B ). Thus, NF-κB activity is associated with T cell presence and potential immune surveillance functions but not with cancer cell proliferation.
We next determined whether expression of the 10 driver genes mentioned above was associated with overall NF-κB activity and T cell presence. Indeed, the PC1 of these genes (Supplemental Figure 16 ) was highly correlated with the NF-κB signature PC1 (r = 0.92) ( Figure 8C ). Therefore, this smaller 10-gene signature can be used in lieu of the NF-κB signature to determine NF-κB activity. Importantly, the 10-gene PC1 was also strongly correlated with the T cell PC1 (r = 0.79) ( Figure 8D ) but not with the MR signature PC1 (r = 0.19) ( Figure 8E ). Using an additional lung cancer microarray data set (n = 133) (72), we found a similarly high correlation of the 10-gene signature with T cell presence (r = 0.8) but not with the MR signature (r = -0.16) (Supplemental Figure 17 ). In conclusion, our findings from both mouse and human studies indicate that tumor NF-κB activity is strongly associated with T cell presence and immune surveillance in lung cancer.
Discussion
While previous studies have extensively documented protumor functions of NF-κB (22, 23, (36) (37) (38) (39) (40) , our results indicate a potential tumor suppressor function of NF-κB that is mediated by enhancement of T cell-induced antitumor responses. In mouse studies, we found that NF-κB activation renders immunogenic tumors susceptible to T cell rejection. A key mechanism of rejection is increased infiltration of T cells into tumors through NF-κB-induced expression of T cell chemokines. We found an especially important role for the T cell chemokine CCL2 in tumor rejection in mice, high expression of which was also associated with improved survival in human lung cancer. However, it is likely that other NF-κB-induced T cell chemokines, such as CCL5, also play a crucial role in T cell recruitment and tumor rejection in other tumor models. Studies by Schreiber and colleagues have defined distinct phases of the immune response against tumors (18) . In light of these studies, we believe the impact of NF-κB-mediated immune surveillance may be especially important in the "elimination" phase, wherein tumors with high NF-κB could undergo spontaneous rejection.
NF-κB function in lung cancer has been extensively studied in mice (22, 23, 40 ), yet little is known about NF-κB function in human lung cancer. A major reason for this is the lack of an appropriate functional readout of NF-κB activity in human lung cancer. One of our main findings is the description a gene expression signature that can be used to define NF-κB transcriptional activity. Using this signature, we investigated both protumor and immune surveillance functions of NF-κB in human lung cancer. Importantly, as in mouse studies, we found that NF-κB activity is strongly associated with T cell infiltration in human lung cancer. Previous studies have defined the presence of both cytotoxic (CD8) and helper (CD4) T cells in human tumors (13) (14) (15) . Indeed, our results suggest association of both CD8 and CD4 subsets with tumor NF-κB activity (Supplemental Figure 18) . Thus, NF-κB may lead to recruitment of different effector T cell subsets and thus facilitate antitumor responses through distinct cellular mechanisms. In addition to effector T cells, antitumor responses are also controlled by Tregs. While previous studies have focused on CD4 Tregs, CD8 Tregs expressing FoxP3 have
Figure 6
Association of NF-κB signature inflammatory genes with patient survival. Association of mRNA expression of indicated inflammatory genes (Affymetrix probe set IDs are shown) with OS in CMCLA data set (n = 442). 5-year OS of patients exhibiting high versus low expression of indicated genes using a median cutoff. Kaplan-Meier method was used to generate survival curves, and the log-rank test was used to test survival difference between the low and high expression groups by median cutoff for each gene. The P values shown were adjusted by false discovery rate for multiple testing. Patients alive after different time periods in high and low expression (Exprs) groups (each starting with n = 221) are indicated above the x axis.
also been identified (73) . In LLC-OVA-IKK tumors, we determined whether CD8 + FoxP3 + T cells were also present. However, as shown in Supplemental Figure 19B , virtually no CD8 + FoxP3 + T cells were detected in LLC-OVA-IKK tumors. While not excluding tumor IKK/NF-κB involvement in regulatory CD8 (or CD4) T cell responses, these results nonetheless suggest that in the LLC model, activation of NF-κB primarily recruits cytotoxic CD8 T cells that can mediate tumor rejection.
Our results indicate that only OVA-expressing tumors are rejected by IKK expression. Thus, levels of T cell chemokines induced by NF-κB may not be sufficient to recruit low numbers of T cells and/or low-affinity T cells capable of recognizing tumor antigens. We hypothesized that greater NF-κB activation may override strong antigen (e.g., OVA) requirement in tumor immune surveillance. To this end, we isolated an LLC-IKK subline with greater IKK-induced NF-κB activation (LLC-IKK hi ) (Supplemen-
Figure 7
Association of NF-κB signature immune response genes and T cell presence with patient survival. (A-D) Association of mRNA expression of indicated immune response genes (Affymetrix probe set IDs are shown) with OS in CMCLA (n = 442). 5-year OS of patients exhibiting high versus low expression of indicated genes using a median cutoff. Kaplan-Meier method was used to generate survival curves, and the log-rank test was used to test survival difference between the low and high expression groups by median cutoff for each gene. The P values shown were adjusted by false discovery rate for multiple testing. (E) Association of T cell presence detected by expression of T cell receptor genes (TRAC and TRBC1) on patient survival was determined as with above genes. Patients alive after different time periods in high and low expression (Exprs) groups (each starting with n = 221) are indicated above the x axis.
tal Figure 20A ) as well as CCL2 and CCL5 expression (Supplemental Figure 20B ). Interestingly, compared with LLC-IKK tumors, s.c. LLC-IKK hi tumors showed significantly reduced early tumor growth (e.g., day 10; Supplemental Figure 20C ). Notably, a striking difference was noticed in the LLC metastatic model, wherein numerous tumor foci were evident in LLC-IKK-injected mice but not in LLC-IKK hi -injected mice (Supplemental Figure 21A) . Furthermore, LLC-IKK hi tumors had substantially greater lymphocyte infiltration in tumors compared with LLC-IKK tumors (Supplemental Figure 21, B and C) . While the precise mechanisms and cell types involved are unclear, these results nonetheless suggest that high NF-κB activity may override requirement for strong antigens in controlling tumor growth.
Multiple genes capable of enhancing T cell responses were found in the NF-κB signature. Thus, while NF-κB-regulated expression of T cell chemokines is likely crucial for initial T cell recruitment, the expression of HLA genes, genes important for antigen-processing (e.g., TAP1, PSMB8, and PSMB9) and cell-cell interactions (e.g., ICAM1 and CD83) (Table 1) , may help sustain and amplify antitumor T cell responses. Therefore, the association between lung tumor NF-κB activity and T cell presence is likely the result of multifaceted enhancement of T cell responses.
Although it remains to be tested, we suspect an immune surveillance function of NF-κB will also be evident in other cancer types. Indeed, a recent study showed that enhancing NF-κB activation by IFN-α + TLR ligand treatment leads to enhanced T cell recruitment in colorectal tumors (74) .
We generated the NF-κB signature to specifically identify genes regulated by NF-κB in lung cancer cells. Consequently, this signature lacks typical NF-κB-regulated genes in lymphocytes (e.g., BCLXL, BCL2, and IL2), antigen-presenting cells (e.g., CD80, CD86, and CD40), and monocyte/macrophage lineages (e.g., IL12A/B, TNFA, IL1A, and IL1B). Nonetheless, it is likely that at least some of the signature genes are also regulated by NF-κB in nonmalignant cell types present in tumors. The 10-gene signature may be especially useful for detecting NF-κB activity associated with immune surveillance functions. These 10 genes were also expressed at high levels in lung cancer cell lines, suggesting a strong contribution of malignant cells in tumor activity of this signature. It is also interesting to note that expression of at least 5 out of these 10 genes in malignant cells is expected to have a stimulatory effect on T cell responses (CCL5, TAP1, PSMB8, PSMB9, and IRF1). Thus, association of the 10-gene signature with T cell presence could be mediated through both recruitment and stimulatory functional effects. However, the use of a smaller signature may also limit the ability to reliably detect NF-κB activity. Thus, it is possible that intertumoral and intratumoral heterogeneity will confound use of the 10-gene signature more significantly than the full NF-κB signature.
Using the NF-κB signature, we also evaluated tumor-promoting NF-κB functions in human lung cancer. Previous studies indicate that the 2 main protumor NF-κB functions are (a) induction of inflammation and (b) cancer cell-intrinsic regulation of survival and tumor growth (22, 23, (36) (37) (38) (39) (40) . Indeed, we found that inflammatory genes, such as neutrophil chemokines, regulated by NF-κB are associated with significantly poor patient survival. Based on previous studies, it is likely that these chemokines impact survival through increased metastasis mediated by myeloid cell recruitment (67, 68) . This effect on survival was in marked contrast with that of NF-κB genes involved in immune response regulation, which were associated with improved survival. Interestingly, these functionally distinct genes appear to be differentially expressed in tumors. While underlying mechanisms are unclear, we suggest that this can be accomplished through agents capable of selectively regulating these functionally distinct genes. Thus, we found that expression of the NF-κB activator and target gene LTβ is associated with T cells but not neutrophil chemokines. Importantly, LTβR engagement in human types (54, 79, 80) . Based on our findings, indicating that NF-κB activity is associated with expression of T cell chemokines and T cell presence, we believe that high NF-κB activity may signal the presence of a tumor microenvironment favorable to immunotherapy.
Methods
Mice and cell culture
Mice were maintained under specific pathogen-free conditions. Mouse LLC, derived from lung carcinoma in C57BL mice, was obtained from ATCC. The Turin-Bologna (TUBO) cell line was derived from HER2/NEU tumors in BALB/c mice. LLC and TUBO cells were cultured in DMEM supplemented with 10% FBS. LKR-13 cells were originally derived from KRAS LA1 mice and provided by J.M. Kurie (MD Anderson Cancer Canter, Houston, Texas, USA). Cells were stimulated with 20 ng/ml TNF-α (R&D Systems) and recombinant human lymphotoxin α1/β2 (R&D Systems) at 100 ng/ml for different time points. Human cell lines (H157 and HCC827) and LKR-13 cells were cultured in RPMI supplemented with 10% FBS.
Retroviral and lentiviral transduction
Retroviruses were prepared by transfecting HEK 293T cells with Kb-OVA, MiG, or MiG with activated IKKβ (S177, S181 to E mutations; IKKβEE) and packaging vectors, as previously described (58, 81) . MiG expresses GFP, which allowed retrovirus-transduced cells to be sorted based on GFP expression using a FACSVantage sorter (BD Biosciences) (81) . Lentiviruses were prepared by transfecting HEK 293T cells with a scrambled control pLKO.1 or pLKO.1 expressing shRNA specific for CCL2 or RELB (Open Biosystems), along with packaging vectors (81) . Four to five different shRNA were tested, and detailed studies were performed with shRNA showing the best knockdown of protein expression. Lentivirus-transduced cells were selected for puromycin resistance. RELA and cREL shRNA constructs were obtained from Addgene, and knockdown was performed as described previously (22, 23) .
Flow cytometric analysis
Retrovirus-infected LLC and human cell lines were sorted based on GFP expression to yield >95% purity. Tetramer staining was performed as described previously (48) with the following changes: cells were incubated for 5 minutes at room temperature with Fc block, and DAPI was added to cells prior to analysis for viability gating. HER2/NEU tetramer has been described previously (49) , and H2-Kb OVA tetramer was purchased from Beckman Coulter. Flow cytometric analysis was performed on an LSR II cytometer (BD Biosciences). Aggregates and dead cells were excluded from analysis. Data were acquired using CellQuest software (BD Biosciences) and analyzed using FlowJo software (Tree Star).
Tumor studies
Cells were harvested in logarithmic growth after being cultured for less than 2 weeks and washed once in injection medium (phenol-free DMEM supplemented with 2% FBS) and counted. 5 × 10 5 LLC cells were injected either s.c. (in a volume of 100 μl) or i.v. (in a volume of 200 μl). 3 × 10 5 TUBO cells were injected s.c. in a volume of 100 μl. s.c. tumors were monitored for growth and measured 2-3 times per week. Mice receiving i.v. LLC injections were monitored for morbidity. Mice were sacrificed when s.c. tumors reached a diameter of 20 mm or when they showed signs of morbidity (i.v. or s.c.). Tumor volume was calculated as previously described (82) . Relative tumor growth between treatment groups was analyzed using the t test with Welch's correction. Mice receiving TUBO cells were split into TriVax treatment and nontreatment groups on day 5. Immunization with HER2 TriVax was performed as described previously (49) . lung cancer cells induced T cell but not neutrophil chemokine expression. Thus, NF-κB target genes involved in immune surveillance versus those involved in inflammatory functions may be differentially expressed through presence of agents (such as LTβ) that can selectively regulate their expression. Nonetheless, it is likely that immune surveillance functions of NF-κB are not absolutely dependent on the LTβR pathway. For example, unlike that in human cell lines, LTβ expression in LLC was not induced by IKKβ; in addition, the lack of both NFKB1/p100 processing and RELB requirement for T cell chemokine induction suggests that the LTβR-induced noncanonical NF-κB pathway is not functionally critical in LLC-OVA-IKK cells (Supplemental Figure 7) . Thus, activation of NF-κB through multiple pathways may lead to enhancement of immune surveillance functions. Importantly, key oncogenes such as KRAS can also activate NF-κB in lung cancer (22, 23, 40) . Furthermore, recent studies indicate increased NF-κB activity in cells harboring both KRAS and p53 mutations (23) . It is therefore possible that in addition to their known effects on tumor cell proliferation and survival, occurrence of sequential mutations in cancer will also modulate NF-κB activity and immune surveillance functions.
In addition to inflammation, NF-κB also exerts protumor effects through cancer cell-intrinsic regulation of cell survival and tumor growth (22, 23, 40) . Mouse studies have shown that NF-κB is important for development and progression of KRAS mutant tumors, especially in a p53-null background (23) . NF-κB requirement was strongly associated with NF-κB activation state (23, 41) . In addition, the RELA NF-κB subunit was specifically associated with generation of high-grade KRAS mutant tumors (40) . In view of these findings, we hypothesized that greater NF-κB activity may be associated with highly proliferative tumors; however, no such association was seen. It is possible that, with multiple driver mutations, human tumors do not require high NF-κB to the same degree as genetically defined KRAS mutant mouse tumors. This finding is also consistent with the lack of effect of NF-κB inhibition by IκBSR expression on human lung cancer cell survival and proliferation and the lack of proliferation-regulating genes in the NF-κB signature. NF-κB activation in nonimmunogenic LLC also did not enhance tumor growth in syngeneic mice. While we cannot overlook existence of potentially crucial cancer cell-intrinsic roles of NF-κB, our results nonetheless suggest that induction of inflammation may be a more important protumor function of NF-κB than regulation of cancer cell survival and proliferation. While protumor NF-κB functions have been extensively documented, a tumor suppressor function has been specifically identified in skin cancer (75, 76) . Other studies suggest that in a lymphoma model, NF-κB can enhance the response to chemotherapy by promoting senescence (77) . Unlike the tumor suppressor functions of NF-κB identified in these studies, we believe that NF-κB-regulated immune surveillance is likely to be important across multiple cancer types.
Recent clinical trials have shown that immunotherapy can enhance survival of patients with advanced cancer (5, 12) . However, this beneficial effect is limited to a small percentage of patients, indicating the need to identify specific biomarkers to predict response. While there are few, if any, reliable biomarkers available to predict the response to immunotherapy, recent studies suggest that an immune-active tumor microenvironment is associated with response (78). T cell chemokine expression, in particular, is associated with T cell presence and survival benefit in multiple tumors
Correlation and survival studies. Human tumor studies were performed on the microarray data from the Director's Challenge study (CMCLA), consisting of 442 stage I and stage II adenocarcinoma patient samples from 4 institutions (https://array.nci.nih.gov/caarray/project/jacob-00182) (62) . 159 NF-κB signature probe sets (Supplemental Table 4) were used for this analysis. Additional correlation studies were performed on the GSE14814 data set (n = 133) (72) . Association among T cell chemokines, neutrophil chemokines, T cell presence, and NF-κB signature activity was evaluated by Spearman correlation analysis to estimate correlation coefficient values (r). Correlation plot was generated to display the correlation matrix. Kaplan-Meier method was used to generate survival curves, and the log-rank test was used to test survival difference between the low and high expression groups by median cutoff for each gene. The P value was adjusted by false discovery rate for multiple testing as described previously (69, 84) .
Study approval
All animal experiments were performed with approval and following the guidelines of the University of South Florida Institutional Animal Care and Use Committee. Human studies were conducted on publically available data sets and did not require institutional approval.
Histology
Mouse tumors were excised and sections were embedded in Tissue Tek OCT compound (Sakura Fintek) or placed in 10% formalin and subsequently embedded in paraffin (FFPE) blocks. Frozen sections of mouse tumors were stained with anti-CD8 and the Rat-IgG HRP Detection Kit from BD Biosciences. Mouse lungs were insufflated in 10% formalin and paraffin embedded prior to H&E staining.
Statistics
Statistical analysis was performed using 2-tailed Student's t test, Student's t test with Welch's correction, and Fisher's exact test. GraphPad Prism 5 software (GraphPad Software Inc.) was used with significance determined at P < 0.05.
PCA. PCA uses orthogonal transformation of possibly correlated variables (e.g., expression levels of genes in a signature) into uncorrelated variables called PCs. As such, the PC1 accounts for the largest variance in the data, while additional PCs (PC2, PC3, etc.) account for the next largest variance, with the limitation that each PC is orthogonal (uncorrelated) with preceding PCs. We used the PC1, as it accounts for the largest variability in the data, to represent the overall expression level for NF-κB activation. That is, the NF-κB activation score equals Σwixi, a weighted average expression among the NF-κB-activated genes, where gene i at expression level x is expressed as xi, wi is the corresponding weight (loading coefficient) with Σwi 2 = 1, and the wi values maximize the variance of Σwixi. This approach has been used to derive a malignancy pathway gene signature in a breast cancer study (83) . PCA provides weighted average expression of signature genes, whereby genes with high expression have correspondingly greater weight (loading coefficient). Genes with highest loading coefficients were identified as the "driver" genes: GBP1, PSMB9, IRF1, TAP1, TNFAIP3, CCL5, PSMB8, IL32, SH2B3, and NFKBIE.
